Abstract. In order to solve the problem that different types of wind turbines accessing to the power gird has great influence on protection configuration and setting calculation, a fault current calculation model of doubly-fed induction generator under rotor excitation control was established when symmetric or asymmetric fault occurs in grid. Combined with fault current calculation models of direct-driven wind turbine generator and doubly-fed induction generator with crowbar protection, this paper establishes fault current calculation models of direct-driven wind turbine generator and doubly-fed induction generator, respectively. It is based on iterative solution by nodal voltage equation, fault boundary conditions and fault current calculation models of distributed generators. At last, the accuracy of the fault analysis method is verified by digital simulation.
Introduction
Fault current calculation of the power grid is the important foundation of relay protection performance study, especially the protection setting calculation. With the capacity of wind turbines connected to the power grid increasing, it has a great influence on power grid's safety and stable operation. Especially, compared with the fault current characteristics of traditional synchronous generator, it is different that the fault current characteristics of wind turbines. The traditional fault analysis method of the power grid is difficult to meet the requirements of fault analysis of the power grid with wind turbines [1, 2] . So far, there is no applicable fault analysis method to calculate the fault current of the power grid with different types of wind turbines, accurately. Therefore, the study of the related fault analysis method is an urgent problem to be solved.
Establishing the fault current calculation model of wind turbines is the premise of fault current calculation method of the power grid with different types of wind turbines. Therefore, a large amount of researches has been done on the fault current characteristics of wind turbines and its calculation method.
According to the size of the power electronic converter's capacity, the existing wind turbines can be divided into some power wind turbines and full power wind turbines, such as doubly-fed induction generator (DFIG) and direct-driven wind turbine generator (DWTG), respectively. DWTG's stator windings are all connected to the power grid through the grid-connected inverter, which can be called inverter interfaced distributed generator (IIDG) [3] . IIDG should provide dynamic reactive power to support grid voltage in low voltage ride through (LVRT) and the fault current characteristics of IIDG are studied in [4] . And the positive sequence voltage controlled current source model is established for IIDG considering control strategy in [5] .
Unlike DWTG, DFIG always installs crowbar to improve the ability of LVRT. Crowbar's action situation has a great influence on the fault current. In [7, 8] , flux transient characteristics of DFIG with crowbar action are analyzed, and the authors deduce stator and rotor fault current expressions. Furthermore, for the current calculation model of DFIG under rotor excitation control, considering DFIG should provide dynamic reactive power to support grid voltage in LVRT, stator fault current expression of DFIG under rotor excitation control has been deduced under symmetric or asymmetric fault in [9] [10] [11] .
However, fault current calculation methods above all only consider a kind of wind turbines accessing to the power grid, which doesn't comprehensively consider DWTG, DFIG with crowbar action and DFIG under rotor excitation control. The power plants with wind turbines always contain different typies of wind turbines. Hence, fault current calculation methods above all aren't comprehensive.
Considering operation characteristics of different types of wind turbines, this paper establishs a fault current calculation model of DFIG under rotor excitation control when symmetric or asymmetric fault occurs in grid. Then, combined with fault current calculation models of DWTG and DFIG with crowbar protection, a novel fault analysis method of power grid with different types of wind turbines is presented. In the end, the fault analysis method proposed was verified by digital simulation in PSCAD.
Fault current calculation model of wind turbines
Due to the different fault current characteristics of different types of wind turbines, it is particularly important to establish the fault current calculation model for DFIG and DWTG, respectively. 
(2) Fault current calculation model of DFIG
During the grid fault, DFIG's crowbar action situation has a great influence on its fault current. Thus, according to crowbar action situation, fault current calculation model of DFIG is analyzed. For DFIG with crowbar action, the analytical expressions of stator and rotor fault current calculation model are deduced in [8] . And the fault current calculation model of DFIG with crowbar action can be regarded as an asynchronous induction motor. For DFIG under rotor excitation control, the fault current calculation model is established in [11] . The fault current of DFIG under rotor excitation control can be expressed as 
Where 
Fault current calculation method for the power grid with different types of wind turbines
Through establishing each sequence equivalent circuit, the traditional fault current calculation method of the power grid combines each sequence node voltage equations and fault boundary condition equations. During the grid fault, DWTG and DFIG under rotor excitation control have strong nonlinear characteristic. Then, the traditional fault current calculation method is out of commission. Thus, this paper uses iterative solution to calculate fault current. In order to explain the fault current calculation method for the power grid with different types of wind turbines, a grid structure is established as shown in fig.1 . Fault is set at f, it's a near fault for DFIG2, which runs with crowbar action during the fault. far fault occurs for DFIG1, whose rotor is under excitation control by rotor-side converter.
Based on this, this paper uses processing mode of fault current calculation method of the power grid with different types of wind turbines as follows. As DFIG with crowbar action are regarded as an asynchronous induction motor duiring the fault. the positive and negative sequence equivalent impedances of DFIG with crowbar action are respectively connected to the corresponding node in the positive and negative sequence network. And they are regarded as load branch in the network. DWTG and DFIG under rotor excitation control are regarded as voltage controlled current source in positive sequence network, and open circuit in negative sequence network. Other parts in the network are the same with traditional processing method.
Then, 3-phase fault and the 2-phase fault are regarded as examples to explain the calculation process of fault current calculation method.
(1) Form the sequence network and node admittance matrix of composite sequence network
Firstly, form the node admittance matrix (1) Y of positive sequence network, and obtain the node impedance matrix (1) Z of positive sequence network. Then, the diagram of composite sequence network is set up as shown in fig.2 . The value of Y ∆ is based on the fault type at f. fig.3 . Firstly, obtain the node admittance matrix (2) Y of negative sequence network. Then, obtain the node impedance matrix 
1(5,5) In the end , the node admittance matrix m Y of composite sequence network is formed, and the node impedance matrix m Z of the composite sequence network is obtained by m Y .
(2) Form the iterative calculation equations
According to the equation of composite sequence network, iterative computation equations and iterative correction equations are formed as shown in equation (3), (4) ~(8). (1) 1(1)1(1)1(2) ()() 1(1)4(1) , (4) and (5).
(B) If 2-phase fault occurs at f, by equation (5) (2)(1)5(1) kkk ff VVV == &&& as shown in fig.3 . (2) 1 (2)4(2) Where j∈ nodes accessed to wind turbines, ε represents iteration error threshold value. If it doesn't meet (9), the k-st iteration current matrix On this basis, according to the fault boundary condition, negative sequence voltage of fault node can be obtained. And obtain negative sequence voltage of each node in the negative network. In the end, the positive sequence current and negative sequence current of each branch in the network can be obtained.
Validation of the simulation
In order to verify the correctness of the fault analysis method proposed in this paper. The model of the power grid with DWTG and DFIGs shown in fig.1 is established in PSCAD/EMTDC. Where, the transmission lines are all the same, unit length line parameter is (1) (2) In the established simulation platform, fault is set at f, and simulate the network as shown in Fig.1 , when symmetric or asymmetric fault occurs at f. At the same time, according to the process of the software developed in this paper, calculate the fault current of the power grid with wind turbines as shown in Fig.1 . Then, 3-phase fault and BC-phase fault are regarded as examples to analyze the fault current by comparing with the output results of fault current calculation software and simulation results.
On condition that 3-phase and BC-phase fault occurs at f, wind turbines are fully loaded before fault occurs. Compared with the output results of the software of fault current calculation and simulation results, fault current of wind turbines and main branchs is shown in Table 1 and Table2, respectively. Table 1 shows on condition that 3-phase fault occurs at f, the maximum amplitude error between output results of the fault current calculation program and simulation results is 2.3%, and the maximum error of the phase is 1.3°. Table 2 shows on condition that 2-phase fault occurs at f, the maximum amplitude error between output results of the fault current calculation program and simulation results is 4.1%, and the maximum error of the phase is 2.4°. the error is permitted in relay protection setting, which is mainly caused during the processing of simulation results. Therefore, the simulation results show that the fault analysis method of the power grid with different types of wind turbines proposed in this paper is correct, and the fault analysis method can satisfy the fault characteristics analysis in grid and requirements of the application of relay protection principle.
Conclusions
To solve technical problems that existing the fault analysis method can't meet the fault current calculation of the power grid with different types of wind turbines, this paper according to the basic principle of fault current calculation method establishes fault current calculation models of different types of wind turbines. Then, combined with fault current calculation models of DWTG and DFIG, a novel fault analysis method of power grid with different types of wind turbines is proposed. Moreover, the accuracy of calculation results is verified by simulation. The result shows that the fault analysis method of power grid with different types of wind turbines proposed in this paper is correct. And it can meet the requirement of fault analysis and relay protection setting calculation of the power grid with different types of wind turbines.
